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Introduction 

When  an  organic  polymer  is  subjected  to  radiation,  the  absorbed 
energy  induces  chemical  changes  in  the  poiymcr  that  affect  its 
physical  and  chemical  propcrtiesl  .ln.  positive  resists  such  as 
polyfmethyl  methacrylate)  (PMMA).  main  chain  scission  occurs, 
resulting  in  a  decrease  of  molecular  weight  of  thrpolymcr.in  exposed 
areas.  Selective  development  of  the  exposed  area  depends  on  the 
solubility  difference  between  exposed  and  unexposed  areas  which 
"mainly  comes'  from  molecular-weight  changes:! However,  irradiation 
of  polymers  leads  to  the  formation  of  free  radicajs  (and  other  active 
intermediates)  which  are  present  even  at  doses  much  lower  than  that 
required  tocause  a  sufficient  solubility  change.  The  radicals  trapped 
in  the  rigid  polymer  matrix  below  T,  can  be  used  to  initiate 
polymerization  of  a  monomer  to  produce  a  modified  copolymer  with 
very  different  solubility  than  that  of  the  parent  polymer.  Cazard  et 
al.(I)  reported  markedly  increased  sensitivity  of  PMMA  to  electron 
beam  irradiation  by  adding  acrylic  acid  monomer  to  irradiated 
PMMA.  The, detailed  lithographic  properties  of  this  process  with 
deep  UV,  X-ray,  proton  beam  and  electron  beam  were  investigated 
in  our  laboratory(2).  To  study  further  the  acrylic  acid,modification 
ofPMMA,  a  quartz  crystal  microbatancc  was  constructed  in  the 
reaction  chamber.  The  weight  change  of  PMMA  film  during  the 
modification  and  diffusion  of  several  solvents  into. deep  UV 
irradiated  PMMA  film  was  followed  with  the  microbalance. 

Experimental 

A  chlorobenzene  solution  of  PMMA  (7#/«  by  weight)  was  spin 
coated  on  a  6,5  inch  diameter  gold  coated  quartz  crystal.  The  coated 
PMMA  was  baked  for  30  minutes  aU40*C.  The  PMMA  film  on  the 
quartz  crystal  was  exposed  to  deep  U  V  and  then  placed  in  the  sensor 
hcad  in  the  reaction  chamber.  The  reaction  vessel  was  then  evacu¬ 
ated  to  I(H  torr  with  a  diffusion  pumpi.  Thetemperature  of  the 
quartzjrvstal sensor  head  »yj;phtr.oilcd:by-clrculaijn9rwgtof-w;th-r  - 
npHSSRe'tOTipcriWe  cdhfrolier  bath.  Acrylic  acid  modification  Was 
carried  out. by  siphoning  degassed  monomer  into  the  reaction 
chamber  which  was  immerseddna  water  bath  at  '55*0.  The  fre¬ 
quency  change  was  recorded  at !  minute  intervals,  After  30  minutes, 
the  quartz  crystal  was  taken' out,  rinsed  with  water  and  dried  in  a 
vacuum  oven,  In  the  case  of  solvent  diffusion  studiesj  the  reservoir 
containing  degasscd'solyent  wasalso  immersed Tn.a  water  bath  at 
SS'C.  After  both  chambers  were  disconnected  from  the  vacuum  line, 
a  small  fraction. of  the  solvent  was  directly  siphoned  into  the  re¬ 
action  vessel  :by  opening  the  valve  which  sepajates  the  reaction 
chamber  and  the  rcsefvoirand  the  frequency  changewosmonitorod. 

Results  and  Discussion 


pcctcd  that  more  acrylic  acid  should  be  polymerized  at  higher  doses 
at  a, particular  reaction  time.  The  data. obtained  with  the. quartz 
crystal  microbalance  show  that  the  weight  .of  acrylic  acid  incorpo¬ 
rated  at  a  certain  reaction  time  is  proportional  to  the  incident  dose. 

When  an  irradiated  RlytM A  nim'is  cxposcd-to  acrylic  acid  va¬ 
por.  txie  acrylic  acid  Biff  uses  into  the  film;  1)  the  monomer  diffuses 
homogeneously  into  the  film  regardless  of  any  differences  between 
the  irradiated  and  the  unirradiated  areas  and  is  polymerized  where 
radicals  are  present,  or  2)  physical  and/or  chemical  changes  in  the 
irradiated  area  of  the  film  can  affect  the  selective  diffusion  of 
monomer  into  the  radiation  damaged  area.  Recently  selective  mod¬ 
ification  of  the  irradiated  area  of  photoresists  with  organomctallie 
vapor  such  as  hcxamcthyldisilazane  (HMDS)  has  received  much  at¬ 
tention  because  the  modified  resists  can  be  developed  by  anisotropic 
plasma  etching  resulting  in  high  resolution  images  with  high  aspect 
ratids(3,4,5).  Mechanism  studies  of  these  photoresist  systems  re-  ’■* 
vealed  enhanced  diffusion  of  HMDS  into  the  irradiated  areas  of  the 
films(6,7).  Howcver.  tlie  chemistry  of  each  system  is  different,  and 
different  mechanisms  for- the  enhanced  diflfiision  of  HMDS  were  re¬ 
ported.  These  systems  are  somewhat  complicated  by  several  factors' 
such  as  a  mixture  of  matrix  polymer  and  photoactive  compounds 
and/or  photochemical  changes  of  photoactive  compounds  or 
polymer  itself. 

The  major  ehanges  in  deep  UV  irradiated  PMMA  film  arc  de¬ 
crease  of  molecular,  weight. (with  structure  changes  at  broken  chain 
ends)  and  increase  of  free  volume  due  to  evolution  of  volatile 
byproduct^).  Polymerization  or  acrylic  acid  diffUsed  in  PMMA 
film  generates  a  continuous  concentration  gradient  as  well  as  struc¬ 
tural  and  T4  changes  which  complicate  the  examination  of  radiation 
effects  on  the  diffusion  of  the  monomer.  Therefore  several  model 
solvents  were  chosen  with  consideration  of  their  boiling  point  and 
solubility  parameter.  (Table  I).  The  diffusion  in  this  study  was  car¬ 
ried  at  55,e"which:is  well  below  the  7*.of  PMMA.  Therefore  the 
diffusion  can  be  considered  as  Case  !!  Ulffusion(9),  Figure  2  shows 
absorption  of  water  by  PMMA  film  was  not  affected  by  deep  UV 
irradiation  up  to  2  Hem K  Howevever,  the  diffusion  of  propyl  alco¬ 
hol, ethyl  ether  and  2,2-dimethoxy  propane  was  affccted  by  the  ra¬ 
diation.  Figure  3  shows  the  effect  of  radiation  on  the  diffusion  of  ' 
several  solvents  into  PMMA  film.  The  vertical  axis  is  tK  increased 
weight  of  the  PMMA  filmby  enhanced'solvent  absorption  after 
deep  UV  irradiation,  which  is  obtained  by  subtracting  die  weight 
of  absorbed  solvent  by  unirradiated  PMMA  film  from  the  solvent 
weight  absorbed  by  irradiated  PMMA  film.  Each  solvent  exhibits 
different  radiation  effects  on  .Its  diffusion  into  PMMA  film. 
Interestingly,  absorption  of  heptane, -like  water,  was  not  affected  by 
deep  UV  irradiation.  Plotting  the  increased  film  weight  caused  by 
enhanced  solvent  absorption  after  deep  UV  irradiation  versus  the 
solubility  parameter  of  the  solvent  (Figure  4)  revealed  that  en¬ 
hancement  of  diffusion  by-radiation  only  occurred  with  solvents  the 
solubiiity..parametcr-Of-whjchJsjn.a.nnrro.w-ranP9i-;?tsegm;tthat'the" 
radiation  effect  oh  absorption  pfsoivents  by  PMMA  increases  a*  the 
solubility  parameter  of  the  solvents  approaches  that  of  P MMA< 

These  results  suggest  that  the  relaxal’on  rate. of  the  PMMA  chain  is 
facilitated  by.  increased  free  volume  in  the  irradiated  polymer  film 
when  the  polymer  chains  respond- to  swelling  stress.  Therefore, 
acrylic  acid.(splublUty.  parameter:  J  2)  should  diffuse  Into  the 
irradiated  area  pf  PMMA  film  more  rapidly  than- into  the 
unirradfated  area;  Solvents  such  as  water  and-hcpunc.do  not  inter¬ 
act  appreciably  with  PMMA  causing  ho  swelling  of  the  polymer. 
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Tabic  1.  Solubility  Parameter  of  the  Solvent  Studied(lO). 


Solvent 

Boding  Point 

CO 

Solubility  Parameter 
(cal/cm3)1# 

Heptane 

98 

7.40 

Ethyl  Ether 

35 

7.62 

2,2-dimeihoxy 

propane 

83' 

7.34* 

2-Propanol 

82 

13^50 

1-Propanol 

97. 

11.97 

water 

100 

23.50 

‘^calculated  from  Small's  group  contribution  parameter  but  not 
plotted  in  Figure  4. 


Figure  i.  Dose  Effect  on  Acrylic  Acid  Modification i  of  EMMA.  The 
PMfrIA  film  on  a  quartz  crystal  was  irradiated  with  deep  UV, 
treated  with  the  vapor  above  10%  aqueous  acrylic  acid  solution  for 
30  minutes  at  55*C  and  dried-in  vacuum  70*C  for  24  hours. 
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Figure  2.  Water  Absorption  by  PM M A.  Film  at.53nC  after  Deep 
UV  Irradiation. 
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Figure  ?.  EITect  of  Deep  UV  Irradiation  on  Solvent  Absorption  by 
PMMA,FiIm  at  53K2  at  500  mJ/cmK 
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Figure  4.  Solubility  Parameter  versus  Increased  Weight  of  PMMA 
Filmby  Enhanced  Solvent  Diffusion  at  a  Deep  UV  Exposure  of  500 
mJlcm1. 
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